ABSTRACT: Non-peripherally hexyl-substituted metal-free tetrabenzoporphyrin (2H-TBP, 1a) tetrabenzomonoazaporphyrin (2H-TBMAP, 2a), tetrabenzo-cis-diazaporphyrin (2H-TBDAP, 3a), tetrabenzotriazaporphyrin (2H-TBTAP, 4a) and phthalocyanine (2H-Pc, 5a) as well as their copper complexes (1b-5b) have been synthesized. As the number of meso nitrogen atoms increases from 0 to 4, λmax of the Q band absorption peak becomes red-shifted by almost 100 nm and extinction coefficients increased at least three-fold. Simultaneously the blue-shifted Soret (UV) band substantially decreased in intensity. These changes were related to the relative electron-density of each macrocycle expressed as the group electronegativity sum of all meso N and CH atom groups, ΣχR. X-ray photoelectron spectroscopy (XPS) differentiated between the three different types of macrocyclic nitrogen atoms (the Ninner, (NH)inner and Nmeso) atoms in the metal-free complexes.
Introduction
Phthalocyanines (Pcs) belong to a man-made class of macrocyclic compounds 1 that have found widespread applications as industrial catalysts, 2 commercial colorants, 3 and functional materials for applications in areas as diverse as optical data storage, 4 electrophotography, 5 gas sensing 6 and the photodynamic therapy of cancer. 7 They also exhibit potential for exploitation in the development of technologies requiring liquid crystals, 8 memory devices, 9 optical limiting 10 and water purification. 11 Appropriate substituents on the phthalocyanine ring system confer solubility in either aqueous or organic solvents onto the otherwise essentially insoluble macrocyclic core. 12 The electrochemistry of phthalocyanines often offers two, mostly electrochemical reversible, ringbased reductive couples and two ring-based oxidative couples in CH2Cl2 as solvent, although in the case of, for example, zirconium and hafnium phthalocyanines, more reductive steps have been observed. 13 In other solvents, sometimes three or four ring-based reductions may be observed. 14, 15 In contrast, porphyrins are naturally occurring macrocycles of similar structure but of lower stability than phthalocyanines; they are especially well known as oxygen carriers 16 and electron transfer mediators 17 in biological processes and the mode of axial ligation in oxygen-carrying porphyrins has been the focus of computational studies. 18 They can also be used as catalysts, 19 and in photodynamic cancer therapy. 20 The porphyrin macrocyclic core differs in structure from that of a phthalocyanine at the macrocyclic apexes (meso positions) having four CH or CR groups while phthalocyanines have four nitrogens, and in phthalocyanines a benzene ring is annulated to the pyrrole fragments of the macrocyclic rings, Figure 1 . Figure 1 . Porphyrin (left) and a non-peripherally substituted phthalocyanine (right). R = large groups, such as hexyl in this work, to enhance solubility in organic solvents. M can be any of more than 70 elements, but here M = 2H or Cu. Key structural differences between porphyrins and phthalocyanines are the four nitrogen atoms at the apexes of the phthalocyanine macrocycle (meso positions in porphyrins) as well as the annulated benzene rings to the pyrrolic fragments.
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These structural differences induce different electrochemical and spectroscopic properties in the two macrocyclic subclasses. Although porphyrins also exhibit four ring-based redox processes in CH2Cl2, the redox potential at which reduction takes place in metal-free, nickel or zinc porphyrins 21 are frequently up to 500 mV smaller than those for phthalocyanines 13a while the two porphyrin oxidative redox steps 21 may occur at potentials 200 mV larger than for phthalocyanines. 13a Spectroscopically, the major porphyrin electronic absorptions include the Soret band at ca. 300 -480 nm (extinction coefficients, ε, are seldom larger than 250000 dm 3 mol -1 cm -1 ) and the much weaker Q-band in the region 600 -700 nm (ε values are frequently less than 20000 dm 3 mol -1 cm -1 ). 21 Phthalocyanines also exhibit the Soret band (320 < λmax < 430 nm; ε < 80000 dm 3 mol -1 cm -1 , i.e of much lower intensity than in porphyrins) and Q-bands (630 < λmax < 750 nm; ε frequently approaching 250000 dm 3 mol -1 cm -1 ). Thus the phthalocyanine Q-band is a stronger absorption than those of porphyrins.
A study of the regression of porphyrin properties to those of phthalocyanines are hampered in that phthalocyanines have four benzene rings annulated to the macrocyclic core, whereas porphyrins do not ( Figure 1 ). Benzene annulated porphyrins, tetrabenzoporphyrins, are a class of porphyrins which is now attracting increasing attention, 22 but hybrid structures of benzoporphyrins and phthalocyanines bearing monoaza, diaza and triaza apexes (meso atoms) are very much less studied. A recent review reports fewer than a 150 papers have been published on these compounds. 23 However, of particular relevance to the present paper are those of Lever and Leznoff who described some electrochemical, spectroelectrochemical studies and Langmuir-Blodgett film deposition studies 24 of peripherally substituted tetrabenzotriazaporphyrins, while Nyokong 25 reported on the electrochemical and photophysical properties of tin complexes of tetrabenzotriazaporphyrins. Kobayashi, Mack and co-workers reported on the magnetic circular dichroism properties in relation to TD-DFT calculations of related copper complexes. 26 Following the recent report describing an easy synthesis of metallated and metal-free octahexyl substituted tetrabenzotriazaporphyrins (TBTAPs), tetrabenzodiazaporphyrins (TBDAPs), tetrabenzomonoazaporphyrins (TBMAPs) as well as tetrabenzoporphyrins (TBPs), 27 (compounds 1 -4, Scheme 1), we report herewith the first comparative electrochemical study of this unique series of compounds. Compounds 5a and b, referred to in the text as 2H-Pc and Cu-Pc, are the corresponding phthalocyanine derivatives where all four meso positions are occupied by nitrogen atoms, see Figure 1 . Results from a spectro-electrochemical study of the oxidations and reductions of selected compounds are also presented. The effects obtained by systematically increasing the number of meso nitrogen atoms are related to their electronic spectra and quantified utilizing atomic electronegativities (Pauling scale). We also highlight the differences in binding energies of the different types of aza atoms in this series of compounds utilising X-ray photoelectron spectroscopy.
Scheme 1. Synthesis of metal-free and copper-coordinated hybrid benzoporphyrins bearing monoaza, diaza and triaza apexes (nitrogen meso atoms); R = hexyl, and notations used for these compounds in the text 
Experimental Section

General
Solid reagents and solvents were from Aldrich or Merck and used as received unless otherwise stated. CH2Cl2 was dried by refluxing with CaH2 under a nitrogen atmosphere and distilled directly before use. THF was dried over sodium wire. Gaussian-Lorentz fits (the Gaussian/Lorentz ratios were always >95%).
Electrochemistry
Cyclic voltammograms (CVs), square wave voltammograms (SWs) and linear sweep 
Density functional theory (DFT) calculations
Density functional theory (DFT) calculations of this study were performed with the hybrid functional uB3LYP 33, 34 with the triple-ζ basis set 6-311G(d,p) on all atoms as implemented in the Gaussian 09 program package. 35 All complexes were optimized as doublets (S = ½).
Results and discussion
Materials
The compounds investigated in this study all carry eight hexyl chains at the so-called nonperipheral positions to serve as solubilising groups. The synthesis of series 1-4, scheme 1, from a common precursor, 3,6-dihexylphthalonitrile, using various equivalents of the Grignard reagent MeMgBr, has been reported in full elsewhere. 27 Initially obtained as the magnesium metallated derivatives, their formation is remarkable and indeed fortuitous insofar as comparable ranges of compounds have not been achieved under these conditions using precursors with substituents located at alternative positions. 23 There are in principle two isomeric tetrabenzodiazaporphyrins (TBDAPs) varying in the locations of the meso nitrogen atoms. Only the cis isomer, see scheme 1, was recovered in sufficient quantities for full characterisation and measurements. All magnesium metallated derivatives were readily demetallated to the metal-free analogues, denoted in the text as (2H-), and samples then converted into the copper metallated derivatives (Cu-) with copper acetate. 27 1, 4, 8, 11, 15, 18, 22, phthalocyaninato magnesium, denoted as Mg-Pc, was prepared as described before 27 by refluxing magnesium turnings, magnesium acetate and 3,6-dihexylphthalonitrile in the presence of 1,8-diazabicycloundec-7-ene for 72 h in pentanol.
Demetallation and copper insertion to obtain phthalocyanines 5a (2H-Pc) and 5b (Cu-Pc) was achieved in the same way as mentioned above for the preparation of the series 1a -4a and 1b -
4b.
All compounds are stable in air; they can be stored for extensive periods (years) at ambient temperatures under a normal open atmosphere in darkness.
UV/vis Spectroscopic studies
The UV/vis spectra of macrocyclic compounds 1a -4a and 1b -4b bearing 0, 1, 2 or 3 nitrogen atoms in the available meso positions were recorded in THF and compared with those of normal porphyrins (i.e. those without benzene annulated to the pyrrole ring) and phthalocyanines 5a and 5b, which have four nitrogen atoms in the macrocyclic meso positions. cm -1 (Cu-TBP, 1b, Table 1 ). This is the result of a larger conjugated π system and associated larger molecular moment. 26 Figure 2 , left, exhibits the electronic spectrum of 2H-TBMAP, 2a, as well as the adherence to the Beer-Lambert law of the Qband of this complex. Like phthalocyanines, the metal-free tetrabenzoporphyrins 1a -4a exhibited Q-band maxima that were split into Qx and Qy components together with some small intensity peaks adjacent to the major Q-band peaks. These additional lower intensity satellite peaks are the result of the lower symmetry that is imposed on 1a -4a with the introduction of additional Nmeso atoms. For fully symmetrical metallated phthalocyanines, e.g. 5 having 4 Nmeso atoms, the Q-band manifests as a strong single peak due to D4h symmetry. Of the Cu-TBP, Cu-TBMAP, Cu-TBDAP and Cu-TBTAP derivatives, only Cu-TBDAP exhibited a single sharp Q-band with small satellite peaks. The other metallated derivatives exhibited a Q-band split into at least two dominant Q-band components together with smaller adjacent peaks. This is again attributed to the lower complex symmetry arising from the introduction of more Nmeso atoms. Figure 2 , right, shows the simultaneous red-shift in peak maximum wavelengths of the Qband and blue-shift in peak maximum wavelengths of the Soret band in moving systematically from complex 1b having no meso nitrogens through 2b and 3b to complex 4b having three meso nitrogens. The Q-band λmax of ca. 700 nm of non-peripherally substituted metallated phthalocyanines is one of the reasons why zinc phthalocyanines in particular are studied as second generation photodynamic anticancer (PDT) drugs. Because light penetration through body tissue is the deepest for wavelengths between 620 and 850 nm, 36 PDT drugs that absorb strongly in these long-wavelength regions are most effective in destroying cancerous growths.
Here we explore if it is possible to relate Q-band λmax differences to relative electron densities of the different macrocyclic cores. Figure 3 , left, highlights the relationship between Qband λmax of compounds 1 -4 and the sum of the group electronegativities, ΣχR, of meso macrocyclic core atoms. ΣχR is a measure of the electron density of the macrocycle 21 and R represents the meso atoms together with any substituent on them. Here, the meso atom groups, R, are either N or CH. By way of explanation, ΣχR for 3a (or 3b) which has two nitrogen meso atoms, (Pauling electronegativity for nitrogen is χ = 3.04) and two meso CH atom groups {χ(C) = 2.55;
χ(H) = 2.20} may be calculated as follows: Figure   3 it follows that an easy way to predict or compare the shifts of the Q-band peak maxima is simply to calculate ΣχR and relate the two quantities to each other on a suitable calibration curve. We have in previous work also shown that this approach is feasible for non-hydrogen meso substituents, e.g. A further observation from Figure 3 , right, and Table 1 , relates to extinction coefficients.
For TBP complexes having no meso nitrogen atoms, the Q-band maximum was much smaller than the Soret band maximum, while for TBMAP complexes having one meso nitrogen atom, extinction coefficients of the most intense Soret and Q-band peaks were in the same region (between 107150 and 117490 dm 3 mol -1 cm -1 , Table 1 ). For TBDAP, TBTAP and phthalocyanine complexes, the Soret band becomes less intense compared to the Q-band as the number of meso nitrogen atoms increases from two to four. Figure 3 , right, highlights how the Q-band ε values of 1b -5b decrease from 208930 for 5b to 56230 dm 3 mol -1 cm -1 for 1b as the macrocyclic core density expressed as ΣχR changes upon decreasing the number of meso nitrogen from four to zero.
While ε values are frequently related to transition moments, fundamentally, any (molecular) moment is related to dipoles in the molecular structure. Dipoles are a direct consequence of regions of a molecule being more electron-rich than others. The latter depends on the electronegativity of atoms in the more electron-rich region compared to the electronegativity of atoms in the less electron-rich molecular region. The relationship observed in Figure 3 , right, is therefore not surprising.
The Q-band peak maximum wavelengths (equations 1 and 3) and extinction coefficients 
X-ray photoelectron spectroscopy
The metal-free complex 1a has two types of nitrogen in its macrocyclic core while 2a -4a
have three types in their cores. These are two Ninner, two (NH)inner atoms and zero, one, two, three or four meso nitrogen atoms, Nmeso. In copper complexes 1b -4b the two Ninner and two (NH)inner atoms collapse into four identical NCu atoms (see Scheme 1 to identify the different types of N atoms). An attempt was made to distinguish between these different types of nitrogen atoms utilising X-ray photoelectron spectroscopy (XPS) by determining their binding energies. The binding energy of the copper atom in these complexes was also determined. Table 2 summarises the binding energies and ratios of these atoms within the ring structures of types 1 -4. In the detailed scans of nitrogen 1s XPS spectra of the metal-free compounds 2H-TBP, 1a, and 2H-TBMAP, 2a (Figure 4 ), two well resolved peaks can be observed that are assigned to the inequivalent inner ring nitrogen atoms, Ninner at 397.8 eV, and the (NH)inner atoms at 399.7 eV, respectively. This assignment is in agreement with previously reported XPS assignments of these nitrogen atom types in both phthalocyanines and porphyrins. 37 A clear assignment of the Nmeso atom in 2a was not directly possible, but to identify the binding energy of Nmeso atoms, the XPS spectrum of 4a was helpful. Compound 4a, 2H-TBTAP, has three Nmeso atoms, and this allowed the Nmeso peak to rise strongly above and in between the peaks of the Ninner (397.7 eV) and the (NH)inner (400.1 eV) atoms at a binding energy of 398.6 eV, Figure 4 , left. Fitting of the experimental N 1s XPS spectrum of macrocycle 4a to theoretical peaks for these three different types of nitrogen atoms confirmed the nitrogen atoms are present in this macrocycle in a ratio of Ninner: Nmeso: (NH)inner = 2:3:2, Figure 4 , middle. Upon assigning the binding energy of Nmeso atoms of 2a and 3a as indicated in Table 2 , the atom ratio of Ninner: Nmeso: (NH)inner could also be verified for these two complexes as 2:1:2 and 2:2:2 respectively. shows one well-defined nitrogen 1s peak and only one Gaussian peak is fitted into this peak at a binding energy of 398.4 eV. The best fit to all 5 nitrogen atoms of Cu-TBMAP, 2b, was achieved by assigning a binding energy of 398.2 eV to the Nmeso atom, and 399.0 to the four NCu atoms respectively, Table 2 . Although these two binding energies for the two types of nitrogens in 2b differ significantly, we could not meaningfully fit similar peaks to the experimentally obtained spectra of the other copper complexes, see Figure 4 right. The best fit to the experimental data of 3b was achieved when the binding energy of the 4 x NCu and 2 x Nmeso atoms was only 0.3 eV apart, while for 4b the best fit was achieved when the binding energy of the 4 x NCu and 3 x Nmeso atoms was only 0.4 eV apart, Table 2 . These differences are too little to be considered significant.
Cu 2p3/2 peaks in the XPS spectra of the copper region of 1b -4b all appeared at a binding energy of ca. 934.7 eV while the Cu 2p1/2 peaks were detected at ca. 954.6 eV. The lack of different Cu binding energies in 1b -4b showed that the extra Nmeso atoms in the outer ring of the macrocycles have a negligible influence on the chemical environment of the copper, Table 2 .
Similar to previously reported copper-containing phthalocyanines, 38 the spectra also showed clear copper 2p3/2 and 2p1/2 shake-up peaks at ca. 943.0 eV and 962.9 eV respectively; these are associated with about 9 eV higher binding energies than those of the main peaks, Figure 5 . 
DFT Calculations
The first two oxidation processes of any complex in general would involve the successive removal of electrons from the HOMO and HOMO-1 of the complex, while adding electrons to the LUMO leads to reduction. Since the electrochemical oxidations and reductions of copper (II) phthalocyanines occur on the phthalocyanine ring and not the central Cu(II), 39 while the first reduction of certain copper(II) porphyrins 40 and corroles 41 occur on the metal, a quantum chemical study by means of density functional theory (DFT) calculations has been performed to establish the character of the frontier orbitals of the copper complexes 1b -5b. To aid understanding of the electrochemical redox processes, the calculations were extended to structures where the R substituents (see Figure 1 and Scheme 1 for the position of R) were varied between R = H, CH3, C2H5, n-C3H7 and n-C6H13. Figure S1 shows the four frontier orbitals of the unsubstituted (R = H) equivalents of complexes 1b -5b. For all five of these R = H complexes the HOMO and HOMO-1 are of a2u(π) ligand character, implying that the first two oxidation processes, labelled 1 and 2 in Figure 8 (electrochemistry section), should be ring-based. Generally good relationships are obtained between the DFT calculated HOMO energy (EHOMO) and the formal reduction potential, E o′ , of a series of related complexes of which the redox processes are of the same origin (e.g. all ligand or all metal based). 42 The mathematical relationship between E o′ and EHOMO for these R=H complexes equivalent to 1b -5b [see graph shown in Figure S2 (a)] is: E o′ = -0.65 EHOMO (eV) -3.22; R 2 = 0.99 (5) E o′ represents the first oxidation of these complexes in V vs. FcH/FcH + ; values used for E o′ in this relationship are from section 3.5 below, see also Table 3 ).
No similar relationship is found between the first reduction potential and the DFT calculated LUMO energy (ELUMO) of complexes equivalent to 1b -4b but having R=H. In particular, the complex equivalent to 1b does not fit the trend (Figure S2 (b) ). From the visualization of the LUMOs ( Figure S1 ) it is observed that the LUMO and LUMO+1 of the unsubstituted (R = H in Figure 1 ) equivalents of complexes 3b -5b are ligand based; they have typical eg(π*) character.
The first two reduction processes of 3b and 4b (labelled 3 in the electrochemistry section below, Figure 8 ) are thus expected to be both ligand based. Experimentally it was found in the electrochemistry section below that the difference in the first and second reduction potentials of 3b and 4b is ca. 0.420 V (see potentials summarized in Table 3 ). However, the R = H equivalents of 1b and 2b have 65% Cu-d character for their LUMOs ( Figure S1 ) implying that for these two complexes the first reduction process (the equivalent of wave 3 in Figure 8 ) is a Cu(II) reduction and not a ring-based process. A recalculation for 1b with R = CH3 still showed Cu(II) reduction to be the first reduction process, but for 2b and its homologues (R=CH3, C2H5, n-C3H7, n-C6H13) the LUMO energy levels were such that the first reductive process could be assigned to a ring-based reduction process. To confirm the Cu(II) and the macrocycle as the redox centers for 1b and 2b with R = n-C6H13, the DFT optimized LUMOs of these complexes were calculated and they are presented in Figure 6 . While the LUMO of 1b has 65% Cu-d character, the LUMO of 2b is ligand based. The LUMO+2 of 2b is of Cu-d (64%) character. This result is consistent with the first reduction of 1b to involve the Cu(II) centre, while the first reduction processes of 2b does not involve Cu(II) but is ligand (macrocycle) -based. In comparing tetrabenzomonoazaporphyrin complexes with alkyl chains R of increasing size, an increase in saddling angle as a result of increased steric crowding was calculated. Saddling angles were for R = H (φ = 0°), R = CH3 (φ = 13.1°), C2H5 (φ = 14.9°), n-C3H7 (φ = 16.2°) and n-C6H13 (φ =15.4°). The result of the increase in saddling angle is that the Cu-based LUMO of tetrabenzomonoazaporphyrin with R = H becomes destabilized with increased alkyl chain size; it becomes LUMO+1 when R = CH3 and LUMO+2 for larger alkyl chains (R = C2H5, n-C3H7 and n-C6H13). This implies that Cu(II) reduction represents the first reductive process for 2b when R = H but it becomes the second reductive process of 2b if R = CH3 and the third reductive process for 2b with alkyl chains R = C2H5, n-C3H7 and n-C6H13. This striking result may be visualized with the energy level diagram shown in Figure S3 and the molecular orbital plots shown in Figure S4 .
Electrochemistry
The influence of the different number of Nmeso atoms on the redox properties of the macrocylic derivatives 1a -4a and 1b -4b was investigated by cyclic voltammetry (CV), square wave voltammetry (SW) and linear sweep voltammetry (LSV) in CH2Cl2 utilising 0. 1 mol dm -3 [N( n Bu)4][B(C6H5)4] as supporting electrolyte. Use of this electrolyte minimises ion pair formation between charged redox-generated substrate intermediates and supporting electrolyte ions. 43 CVs are shown in Figures 8 and 9 , as well as Supplementary Information, Figure S5 ; Table 3 summarises data. In general, within the potential limits that the solvent (CH2Cl2) allow, four quasireversible ring-based redox processes were observed. Potential scanning generally commenced at -800 mV vs FcH/FcH + in the positive direction and peaks were labelled in the order they were observed as follows: Fc* is the label of the internal standard, decamethylferrocene. Peaks 1 and 2 identify the first and second ring-based oxidative (anodic) processes while peaks 3 and 4 identify the first and second reductive (cathodic) ring based redox processes, except for 1b, see discussion below. Figure 8 highlights how the increase in number of meso nitrogens systematically increases the formal cathodic wave potentials, waves 3 and 4, of compound types 1 -4. The total increase to larger potentials from 1a to 4a (values for the copper derivatives 1b to 4b are in brackets) for wave 4 was 260 (136, only Cu compounds 3b and 4b exhibited this wave) mV, while for wave 3 it was 323 (78) mV. For the anodic waves 1 and 2, these drifts were 132 (122) and 66 (169) mV respectively, Table 3 . From the DFT results described in the previous section, all these observed redox reactions are assigned to a ring-based process except wave 3 for 1b which represents a Cu(II) reduction. At a scan rate of 100 mV s -1 , peak potential differences were in the region 80 < ∆Ep < 148 implying more quasi electrochemical reversibility than true electrochemical reversibility, this despite the internal marker, Fc*, showing ∆Ep = 66 mV in the same solution as the analyte. Electrochemical reversibility is characterised by ∆Ep values of 59 mV. 44 Peak current ratios were much closer to ideal with only wave 1b of 2H-TBP, 1a, deviating significantly from unity, Table 3 . TBP complexes 1a and 1b showed signs of dimerisation at the redox processes associated with waves 1, 2 and 3 for 1a and waves 1 and 2 for 1b because these processes separate into two components "a" and "b", Figure 8 , top. SW experiments show this peak splitting much clearer (Supplementary information, Figure S5 ). The LSV at 2 mV s -1 shows the current of all "a" and "b" components of waves 1, 2 and 3 for compound 1a and waves 1 and 2 for 1b are equal in size (Supplementary information, Figure S5) . A similar wave pattern that was proved to be associated with dimerization was also observed in the Cd phthalocyanine complexes we reported earlier. 15, 31e 
′wave 3, a measure of the HOMO-LUMO gaps and related to λmax of the Q-band, is summarized in Table 1 . b ipa/ipc. Current ratios were always taken to be (reverse scan current)/(forward scan current). c Peaks were not detected in this solvent. d Due to closeness of neighbouring peak (possible dimerization), values are estimates only utilising the main peak. Due to poor peak resolution, currents for the minor peak were not measured, but see LSV traces in Supplementary Information for relative sizes.
We conclude that at the concentrations used for CV studies, 0.5 mmol dm -3 , both 1a and 1b exist as associated dimers in the ground, first oxidised and second oxidised states. 2H-TBP, 1a, also exists as an associated dimer until the first reduced state is reached, but then the two positive charges, one on each half of the associated dimer, probably induces dimer dissociation due to electrostatic repulsive forces. Dissociation is complete before the second reductive redox step is initiated because wave 4 shows no sign of peak splitting into two components. For the copper derivative 1b, wave 1 (the first oxidative step) is clearly representative of two equal-sized redox steps, while wave 3 (the first reductive step) shows no sign of two peak components, Figure 8 and Supplementary Information, Figure S5 . This is consistent with an equilibrium existing between Cu-TBP monomers and dimers in the neutral ground state with the dimer more easily oxidised than reduced and the monomer more easily reduced than oxidised. These results imply the metal-free dimer is more strongly associated than the copper dimer. Scheme 2 provides an electrochemical mechanism explaining the redox observations of 1a by incorporating knowledge that could be gathered from DFT calculations, electrochemical measurements and spectro-electrochemical measurements (see next section). Figure 10 relates redox potentials of waves 1 -4 with the sum of the group electronegativity of all meso N and CH atom groups, ΣχR. As was the case with the electronic spectra peak maximum wavelengths and extinction coefficients, a definite relationship between E o′ and ΣχR exists and implies that, as the macrocycle core becomes more electron-withdrawing (i.e. larger ΣχR values) with decreasing number of meso nitrogen atoms, redox potentials decrease. The highest occupied molecular orbital (HOMO) is the orbital from which an electron is removed in the first oxidation process, in Figures 8 and 10 , this process is denoted as wave 1.
During the first reduction process an electron is inserted in the lowest unoccupied molecular orbital (LUMO, wave 3). Waves 1 and 3 (as well as 2) for the copper-free complexes 1a -4a and waves 1 and 2 for the copper complexes 1b -4b exhibit a linear relationship which is consistent with each of the electron transfer processes originating from the same redox site; a ring-based process according to the DFT calculations described in Section 3.4. However, for wave 3 of the copper complexes, no linear relationship was observed. This is consistent with the DFT result that suggests for 1b (N=0), wave 3 represents a Cu(II) reduction and not a ring-based macrocyclic 29 reduction. Wave 4 was only observed for 3b and 4b and the DFT calculations showed it to represent a ring-based redox process. The slope of the connecting line of these two wave 4 points is also negative as for the other straight lines. The difference in energy between the HOMO and LUMO orbitals is the energy that is generally associated with excitation to generate the spectroscopic Q-band. oversimplification. In the case of compounds of type 1 -4, this was further amplified in that in some cases wave 3 is a ring-based redox processes and in other cases it is copper based.
Spectro-electrochemistry
The spectro-electrochemical properties of compounds of type 1 and 4 were investigated as representative examples of the present compound series. Figure 11 shows the spectral changes of 1a, 2H-TBP, during reductive electrochemistry, that of 4b, Cu-TBTAP, during oxidative redox chemistry and those of 4a, 2H-TBTAP, during reductive as well as oxidative redox processes. Table 4 provides spectroscopic data of the spectral changes as a result of changes in electrochemical oxidation states. Figure S7 , Supplementary Information, provides selected spectra of all available spectro-electrochemical results of 1 and 4. Studies were carried out utilising an OTTLE cell of Hartl's 32 design.
Complex 1b exhibited only one cathodic (reductive) redox process in the solvent potential window while two consecutive reductive redox processes were observed for 1a, 4a and 4b during the electrochemical study of compounds of type 1 and 4 ( Figure 8 , Table 3 ). Upon following these redox processes spectroscopically, the Q-band intensity was substantially lowered in all cases except for 1b in the first reductive redox process ( Figures 11, S7 and Table 4 ). This would normally be consistent with ring-based reductions for the copper complex and not reduction of the Cu(II) ion 45 (because no clear shift in maximum absorption wavelength was observed). However, in the case of 1b, the lowering of the Q-band is too weak to be accounted for by a ring-based reduction. The alternative assignment for 1b would be a Cu(II) reduction. Although one can see a lowering of the Q-band λmax from 640 to 632 nm, the lowering is very subtle and not clearly indicative of Cu(II) reduction. This uncertainty was removed by the DFT calculation results that clearly indicated the first reductive redox process for 1b to be copper-based and not ring-centred. At the end of the first reduction, Q-band x and y components (for 1a) and x, y and z components (for 4a) amalgamated into one low intensity prominent peak at 633 nm for 1a and low intensity Qx and Qy components at 707 and 645 nm respectively for 4a. Spectroscopic changes at the Soret band were more pronounced during the second redox process, especially for the metal-free complexes 1a and 4a (Figure 11 , Figure S7 ).
With respect to the anodic (oxidative) redox processes, 1a, 1b, 4a and 4b all exhibit two consecutive steps, Figure 8 , Table 3 . Spectroscopically, a general feature that accompanied the first electrochemical oxidation was disappearance of the Qx component, i.e. the longest wavelength Qband absorption at 639 -728 nm for all four complexes. At the end of this redox step, the remaining major Q-band with much lower extinction coefficient exhibited λmax close to the original Qy band for 1a and 1b (639 nm) or to the original Qz band for 4a and 4b (645 and 638 nm respectively ( Figures 11, S7 and Table 4 ).
The Soret band for the TBTAP derivatives 4a and 4b remained mostly the same during the first oxidation process. In contrast, the tetrabenzoporphyrin derivatives 1a and 1b exhibited substantial diminished intensity of the Soret band, especially at 426 and 443 nm (1a) and 428 nm (1b), Figure S7 , Table 4 . The most striking spectroscopic feature that results due to the second electrochemical oxidation process is the growth of a new peak between the Soret and Q-band regions with wavelength of peak maximums in the range 467 < λmax < 525 nm for all four compounds, Figures 11 and S7 . Formation of this new peak is accompanied by the near (ca. 80 %) destruction of all absorptions in the Q-band region, and a further, much smaller (ca. 30 %), lowering in intensity of the remaining Soret band absorptions. positions) and 4a (nitrogen atoms at three of the four meso positions) revealed that it is possible to differentiate between all three types of nitrogen atoms in the structure. The binding energy of Nmeso atoms (ca. 398.5 eV) is in between those of the inner core N (397.8 eV) and NH atoms (399.7 eV).
Upon copper coordination, all three nitrogen type peaks coalesce into one with binding energy ca.
398.2 eV. The UV/vis spectra of compounds of type 1 -4 showed that Q-band peak maxima redshifts to longer wavelengths and the Soret band peak maxima blue-shifts to shorter wavelengths with increasing number of meso nitrogen atoms. Contemporaneously, the extinction coefficients of the Soret band decreased while those of the Q-band increased. These changes could be related to the relative electron density on each macrocycle expressed as the sum of electronegativities of meso atom groups, ΣχR. The electrochemical fingerprints of the compounds investigated consisted of two oxidative and two reductive redox steps in the potential window of the solvent (CH2Cl2) except for 1b and 2b where copper coordination caused the second reductive redox step to move outside the negative potential limit of the solvent. Computational chemical methods using DFT confirmed 1b to involve a Cu(II) reduction prior to ring-based reductions. In addition, DFT calculations showed that for 2b, Cu(II) reduction as the first reductive step is only feasible if the non-peripheral substituents, R, are hydrogen. However, when R = Me it becomes the second reduction process; when R is ethyl, propyl or hexyl it becomes the third reductive process. Again, redox potentials for all four redox processes can be related to the relative electron density on each macrocycle, ΣχR. However, the electrochemically determined HOMO-LUMO gap, [E o′ (first anodic process) -E o′ (first cathodic process)] could not be linearly related to λmax of the Q-bands, thereby indicating the value of Q-band λmax is not uniquely governed by the simple one-orbital treatment of electrochemical determined HOMO-LUMO gaps.
